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Effect of a self-assembling La,(Nig sLig5)O4 and
amorphous garnet-type solid electrolyte
composite on a layered cathode material in all-
solid-state batteries
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In this article, we report the effect of a Li6;5LazZr Alg 2501, (LLZAO) composite Li(NiggCog1Mng1)O,
(NCMB811) cathode material on the performance of all-solid-state batteries (ASSBs) with oxide-based
organic/inorganic hybrid solid electrolytes. The
Li(NixCou_x2MNnu_x2)02 (x > 0.6) (NCM) exhibiting a high specific capacity is among the suitable
cathode materials for next-generation energy storage systems, particularly electric vehicles and portable

layered structure of Ni-rich cathode material

devices for all-solid-state batteries. However, the ASSBs present a problem—the resistance at the
interface between a cathode and solid electrolyte is larger than that with a liquid electrolyte because of
point contact. To solve this problem, using a simultaneous co-precipitation method, we composited
various amounts of LLZAO material and an ion conducting material on the cathode material's surface.
Therefore, to optimize the value of the LLZAO material in the composite cathode material, the structure,
cycling stability, and rate performance of the NCM-LLZAO composite cathode material in ASSBs with
oxide-based inorganic/organic-hybrid electrolytes were investigated using powder X-ray diffraction
analysis, field-emission scanning electron microscopy, electrochemical impedance spectroscopy, and

rsc.li/rsc-advances galvanostatic measurements.

Introduction

In recent decades, lithium ion secondary batteries (LIBs) have
been widely used as a power source in portable electric devices,
such as mobile phones, laptops, and electric vehicles, because
of their high energy and power density. However, nowadays,
popular commercial LIBs are exposed to risks, such as leakage,
fire, and explosion, which are due to flammable organic liquid
electrolytes.’” These safety issues can cause serious issues for
LIBs in developing large-scale batteries, such as energy storage
systems (ESS) and electric vehicles (XEV). Hence, all-solid-state
batteries (ASSBs) are attracting attention as next-generation
secondary batteries because they can replace flammable
organic liquid electrolytes with non-flammable organic solid
electrolytes, which can improve their safety and energy
density.**

Despite exhibiting promising potential properties, a major
bottleneck for the successful development of ASSBs is the
decreasing interfacial resistance of the solid electrolyte (SE) and
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electrode, particularly the interface between cathode material/
solid electrolytes. Interfacial impedance is related to cyclabil-
ity and rate capability. The performance of these parameters
can be improved by forming a good ion conduction pathway
through the solid interface between the positive electrode and
SE.

Among various SEs, oxide-based solid electrolytes are safe
and chemically stable owing to their low reactivity with gaseous
components in the air. Among them, garnet-type structure of
Li;_se10y :MLaz M Zr, .M, 0y, (My, My, M, = Al, Ta, Ga, etc.)
exhibits chemical stability and ionic conductivity of approxi-
mately 10™* s em™* at 25 °C.”*> However, oxide-based SE has
high interfacial resistance between LLZO solid electrolyte and
electrode owing to its hard ceramic properties and poor contact
at the interface particularly at room temperature. Therefore, the
interface resistance between the SE and cathode material has
become a major task in the development of oxide based solid
electrolyte.'*™*

Recently, to solve the aforementioned issues, strategic
approaches such as composite solid electrolyte, composite
cathode, intermediate coating, and thermal annealing are being
actively pursued.'®® Among them, composite solid electrolytes
(CSEs) composed of an inorganic SE and a flexible polymer
electrolyte can synergistically combine the beneficial properties
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Fig.1 Schematic diagram of all-solid-state battery system showing lithium ion diffusion with composite solid electrolyte in a positive electrode
of (@) NCM811 and (b) NCM-LLZAO composite cathode materials synthesized using simultaneous co-precipitation.

of both ceramics and polymers.?*>*> Polyethylene oxide (PEO)-
based CSE is widely studied as a most promising candidate
for ASSBs because of its ease of fabrication, low cost, and
excellent compatibility with lithium salt. Further, Li* ions can
move within the free volume of the polymer host assisted by the
movement of the polymer chains when the temperature exceeds
the Ty, (glass transition temperature). Li" ions were coordinated
by ether oxygen and transported via the breaking/forming of Li-
O bonds.?®

Organic-inorganic CSEs, which are produced through
combining polymers and inorganic ceramics, are considered
a viable strategy for obtaining high performance solid electro-
lytes. CSEs are generally composed of a polymer matrix, mixed
Li salt, and an inorganic inert ceramic filler or rapid ceramic
ionic conductor and can incorporate the beneficial properties
exhibited by both inorganic SEs and solid polymer electrolytes.
Sun. et al. reported an inorganic-polymer composite SE that was
synthesized by adding Li; 3Al, 3Ti; 7(PO,)s (LATP) nanoparticles
to PEO-LiClO, matrix that shows high lithium ionic conduc-
tivity of 1.6 x 107 s cm™" at 80 °C.>* D. H. Kim et al. reported
that the composited nano-sized LLZO in an inorganic-organic
hybrid composite membrane exhibits high ionic conductivity
(1.93 x 107* S em ™" at 70 °C) due to the synergy of the LLZO
inorganic filler in the composite membrane.>® Therefore, CSEs
exhibit excellent mechanical properties, high ionic conduc-
tivity, and strong interfacial stability.

The design of the cathode material used in ASSBs is also an
approach to improve the characteristics of the ASSBs. The
composite cathode material, which contains SE on the cathode
active material to improve ionic and electric conductivity, is

14210 | RSC Adv, 2022, 12, 14209-14222

another way to obtain a low electrolyte/electrode interfacial
resistance. Kim et al. reported the preparation of Li,CO;- and
Li,CO3/LiNbO;-coated NCM622 [Li(Nij 6C0g ,Mny »)0,] for their
application in pelletized ASSB cells while using B-Li;PS, as the
SE.”® The surface carbonate contaminants help improve the cell
cyclability; the combination of carbonate and niobate species in
a type of hybrid or solid-solution coating is particularly bene-
ficial for achieving a stable performance of Ni-rich NCM
composite cathodes. M. He et al. fabricated LiFePO, based
flexible composite cathodes by introducing conductive frame-
works consisting of succinonitrile and lithium salt LiTFSI. The
cathodes significantly improved the contact performance and
interface stability between garnet solid electrolyte and LiFePO,
cathode.”” The introduction of such flexible frameworks enables
close contact between the cathode and stiff garnet-structured
Lis 375La3Zr1 375Nbg 625012 SE, and bridges every electrode and
electrolyte particles to form interconnected three dimensional
ionic conductive paths.

Our previous paper reported an Ni-rich cathode material
designed using surface modification of an ionic conductor
material for an ASSBs system to improve the lithium ionic
conductivity between the cathode material and SE.*® Further,
structure and electrochemical performance of an NCM-LLZAO
composite cathode material synthesized via simultaneous co-
precipitation method encapsulated by amorphous garnet-type
SE and self-assembled La,(NijsLips)O, nanoparticles were
investigated. The cathode material was used in ASSBs with
oxide-based organic/inorganic composite SE to address the
interface issue in ASSBs.?®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Therefore, in this study, the structure and electrochemical
performance of NCM811 and NCM-LLZAO composite cathode
material (LLZAO-0.2, LLZAO-0.5, and LLZAO-1.0) were investi-
gated to study the effect of improving ionic and electrical
conductivity encapsulated by amorphous garnet-type LLZAO SE
and self-assembled La,(Ni, sLiy 5)O, nanoparticles to be used in
ASSBs with oxide-based organic/inorganic CSE to address the
interface issues. To optimize the amount of LLZAO, the
composite cathode material was synthesized using the co-
precipitation method with a LLZAO composition of 0.2, 0.5,
and 1.0 wt%. A schematic diagram of the ASSBs using NCM811
and NCM-LLZAO composite cathode material is illustrated in
Fig. 1. We manufactured the positive electrode and SE sheet
using the organic/inorganic SE based on PEO binder to reduce
the interfacial resistance, which is a drawback of ASSBs. Fig. 1
illustrates our concept about the NCM811 and NCM-LLZAO
composite active material mixed CSEs present in the positive
electrode. In ASSBs, lithium ion transfer occurs through the
contact between SE and active material. The CSE mixed with the
polymer and oxide-based SE leads to improved interfacial
contact when compared with pellet type ASSBs composed of
oxide-based SE. However, the lithium ion mobility is limited, as
shown in Fig. 1(a) that shows the NCM811 sample. However,
Fig. 1(b) demonstrates that the NCM-LLZAO cathode material
exhibits an increased lithium ion mobility due to the synergy
effect. This effect arises from the ionic conduction of amor-
phous LLZAO coating layer and La,(Nij sLiy 5)O, nanoparticle
with electrical conductivity. These materials were examined
using powder X-ray diffraction (PXRD), field-emission scanning
electron microscopy (FE-SEM), electrochemical impedance
spectroscopy (EIS), and galvanostatic measurements to opti-
mize the composition of LLZAO in the cathode material and
determine the rationale to improve the electrochemical
characteristic.

Experimental

Materials

Synthesis of NCM811 cathode material NiggCoy,Mng;(OH),
(NCM811) precursor was synthesized using the co-precipitation
method. The spherical precursor NCM811 was synthesized
using the continuous-type co-precipitation method with LCTR-
tera 3100 model equipment manufactured by Laminar Co., Ltd.
The detailed synthesis conditions were presented in our
previous paper.”®** NCM-LLZAO composite cathode material
The spherical composite precursor NijgCoo1Mn,;(OH), and
LasZr,Aly 55(0OH), (NCM811-LZAOH) were synthesized using
continuous-type co-precipitation method via a LCTR-tera 3100
system (Laminar Co., Ltd.). An NCM811-LZA aqueous solution
consisting of NiSO,-6H,0, Co0SO,-7H,0, MnSO,-5H,0,
La(NO3)3-6H,0, ZrO(NO;z)exH,0O, and Al(NO;);-9H,O (molar
ratio of Ni: Co:Mn = 8:1:1 and 0.2, 0.5, and 1.0 wt% of
La:Zr:Al = 3:2:0.25) was gradually pumped into a 1 L
continuous-type reactor, where a suitable amount of a D.I.
water, NH40H, and NaOH solution was added without using an
inert gas. Simultaneously, 4 mol L' NaOH solution (aq.) and
NH,OH solution mixed with D.I water at a ratio of 1 : 1 (aq.), as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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chelating agents, were separately pumped into the reactor. An
NCM-LLZAO aqueous solution and NH,OH aqueous solution
were pumped into the reactor at a flow rate of 2 ml min~" and
0.5 ml min ", respectively. The NaOH aqueous solution pump
was connected to the sensor that adjusted the flow rate
according to the pH value. We set the pH value at 11 and
maintained 4 h of residence time. The pH, flow rate, and
precipitate morphology were checked every 4 h. The precursor
powder was obtained after washing, filtering, and drying at
100 °C for 6 h. The dried powder (NCM-LLZAO composite
precursor) was calcined at 500 °C for 10 h, mixed with LiOH,
and further calcined at 850 °C for 10 h in O, atmosphere.

Structural and physical characterization

Powder X-ray diffraction (PXRD). The obtained samples were
analyzed via PXRD using an X'pert Pro X-ray diffractometer
(PANalytical) with Ni-filtered Cu Ko radiation (A = 1.5406 A),
operating at 40 kv and 30 mA within a scanning angle 26, and
range of 10-80° at an interval of 0.01° steps. High Score Plus
software was used to determine unit-cell parameters of the
samples.

Electron microscopy (FE-SEM). Particle morphologies and
sizes were determined using FE-SEM. SEM images were ob-
tained using an S-4700 instrument (HITACHI).

High resolution transmission electron microscopy (HR-TEM
and EDS mapping). The microstructure and elemental
mappings of the samples were determined using TEM (TEM,
TECNAI F20, Philips, Netherlands) at the Korean Basic Science
Institute (KBSI, Gwangju Center) at 200 kV.

X-ray photoelectron spectroscopy (XPS). XPS measurements
of the powder samples were performed using an angle-resolved
X-ray photoelectron spectrometer (Theta Probe AR-XPS, Ther-
mom Electron Corporation, UK, at the Korea Basic Science
Institute (KBSI), Busan center) that was equipped with an MXR1
Gun-400 pm 15 keV spectrometer.

Potentiometric titration. The residual lithium present on the
surface of the powder samples was analyzed using potentio-
metric titration (Metrohm) at 25 °C.

Raman spectroscopy. The Raman measurement of the
cathode materials were performed using Raman microscopy
(Horiba Jobin-Yvon, France) at the Korean Basic Science Insti-
tute (KBSI, Gwangju center).

Electrochemical measurements

The electrochemical properties of the NCM811 and NCM-
LLZAO composite cathode material were examined using
lithium metal as reference and counter electrodes. The active
material (NCM811 and NCM-LLZAO composite material), solid
electrolyte (LLZAO), conductive carbon (super P), and poly-
ethylene oxide (PEO, Mv: 200 000) binder were used in a stoi-
chiometric ratio of 70:5:5:20/75:0:5:20 to fabricate the
electrode. LLZAO in the positive electrode improves the lithium
ion conductivity of the electrode and provides a path through
which lithium ion can move. The stoichiometrically mixed
slurry was cast onto Al foil and then dried at 25 °C over 12 h to
form the cathode. A 2032 coin-type cell, consisting of the

RSC Adv, 2022, 12, 14209-14222 | 14211
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cathode (14¢) and lithium-metal anode (16¢) separated by the
composite membrane sheet (19¢) (prepared as described
earlier), was fabricated in a dry room and aged for 12 h prior to
the electrochemical experiment. The charge-discharge
measurements of the fabricated coin-type cell were performed
over the potential range 2.5-4.0 V vs. Li°/Li" at different current
densities using Wonatech WBCS 3000 L.

Electrochemical impedance spectroscopy (EIS) was con-
ducted at room temperature using a Bio-Logic Science instru-
ment (SP-240) to determine variations in resistance in the
assembled coin cell. The cell was tested at the 1st and 50th
cycles and examined at each cycle over 100 MHz-1.0 MHz
frequency range.

Lithium diffusion properties in the NCM811 and NCM-
LLZAO composite positive electrode were investigated using the
galvanostatic intermittent titration technique (GITT). The GITT
steps consist of galvanostatic pulses of 10 mAg~" for 10 min
between 2.5 V-4.0 Vvs. Li/Li'. Rests were included with a 10 min
interval rests, and no current passing through the cell. All the
electrochemical measurements were conducted at 70 °C using
the Bio-Logic Science instrument (SP-240).

Results and discussion

Fig. 2 shows the PXRD pattern of the NCM811 and NCM-LLZAO
composite (LLZAO-0.2, LLZAO-0.5, and LLZAO-1.0) samples.
Fig. 2(a) shows the PXRD of precursor samples synthesized
using simultaneous co-precipitation method. All samples are
indexed to a hexagonal structure and space group of p3mi,
respectively. In the precursor samples demonstrate no impurity
and peak shift. The PXRD patterns of the NCM811 and NCM-
LLZAO composite material (LLZAO-0.2, LLZAO-0.5, and LLZAO-
1.0) samples after calcination of 850 °C are shown in Fig. 2(b).
NCMS811 and NCM-LLZAO composite cathode materials are
indexed to a hexagonal structure (space group: R3-m). Among
them, NCM811 sample indicates no impurity and peak shift.
This result shows that all conditions are suitable for the
synthesis of NCM811. However, in the NCM-LLZAO composite
samples, between 20 and 35°, there are four minor peaks that
can only be found in LLZAO-0.2, LLZAO-0.5, and LLZAO-1.0,
which are indexed to the La,(Liy sNig5)O4 with the K,NiF,-type
structure. Further, as the LLZAO content of composite cathode
material increases, magnitude of intensity for the minor
impurity peak increases. During the calcination at a high
temperature using mixed LLZAO precursor powder, Ni ion
present on the surface of the NCM811 and La ion arising from
the LLZAO precursor combined with residual lithium materials
from excess amount of lithium source to form the La,(Nig 5Lio 5)
O, material. The K,NiF,-type La,(NijsLiy5)O, material with
A,BO, crystal structure has better electrical conductivity than
perovskite ABO; crystal structure.*® P. Ghosh et al. reported that
La®* doping induces structural stability of the LiCoO, cathode
material and serves as a solid electrolyte for Li" ions dye in the
presence of La,(Liy5C005)O04 in the ion conducting phase.*
Furthermore, A,BO, crystal structure-type La,(Lig5C0¢.5)O4
material with high ionic conductivity of 1.1 x 107> s em™*
contributes to improving the electrochemical performance by
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promoting lithium ion diffusion in the bulk cathode material.
Table 1 shows the Rietveld refinement result of NCM811 and
NCM-LLZAO composite cathode material XRD pattern. The c¢/3a
ratio and Ijo3)/I(104) Tatio have been reported to be an indication
of cation ordering of the layered structure cathode materials.**
For a pure hexagonal closed packed structure in which Ni and Li
atoms are fully disordered, the value of ¢/3a is 1.633. A greater ¢/
3a ratio suggests a more ordered structure. Further, the inten-
sity ratio, R-factor, of Io3)/I(104) Tepresents the degree of cation
disorder for Ni-based cathode material due to similar ionic
radius of Ni** (0.69 A). Li* (0.76 A) causes the cation mixing
during the Li" intercalation/de-intercalation. When the R-factor
is less than 1.2, Ni** ions occupy the Li* ion site, which indicates
that the material exhibits poor structural characteristics.***
The potentiometric titration experiment was conducted to
confirm the effect of the K,NiF,-type La,(Niy sLio 5)O4 material
on the reduction of residual lithium compounds of Li,CO; and
LiOH on the surface of NCM811 and NCM-LLZAO composite
cathode materials. The corresponding results are shown in
Table 2. The value of residual lithium on the cathode material
surface was analyzed using potentiometric titration at 25 °C.
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Fig. 2 Powder X-ray diffraction patterns of (a) NCM811 and NCM—
LLZAO composite precursor powders, and (b) NCM811 and NCM-
LLZAO composite cathode materials calcined at 850 °C. Right figure
indicates XRD pattern at approximately 20-35° of Lax(NigsLigs5)O4
material region of NCM811 and NCM-LLZAO composite cathode
materials.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Lattice parameter of NCM811 and NCM—-LLZAO composite
cathode material (LLZAO-0.2, LLZAO-0.5 and LLZAO-1.0)

Sample a (10&) c(A) cla Inos/I104 Tatio
NCM811 2.8694 14.1957 4.9472 1.5046
LLZAO-0.2 2.8696 14.1984 4.9478 1.5128
LLZAO-0.5 2.8707 14.2012 4.9469 1.5896
LLZAO-1.0 2.8752 14.2107 4.9426 1.5037

Table 2 Titration result of residual lithium of LiOH and Li2CO3 for
NCM811 and NCM-LLZAO composite cathode material (LLZAO-0.2,
LLZAO-0.5 and LLZAO-1.0)

Sample Li,CO; (ppm) LiOH (ppm)
NCMS811 647 520
LLZO-0.2 244 350
LLZO-0.5 219 280
LLZO-1.0 228 320

The values of Li,CO; and LiOH, which represent residual
lithium on the cathode material surface, tend to decrease in the
NCM-LLZAO composite cathode material when compared to
that of the NCM811 cathode material. XRD pattern showed that
the La,(Nig 5Lio 5)O, material was present as an impurity phase
in the NCM811 cathode material. However, it contributed to
removing residual lithium on the cathode material surface
because La,(NiysLio5)O, material is formed with Ni in the
cathode material, and La in the LLZAO and the excess Li sources
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arising from lithium volatilization during calcination process. It
may improve the electrochemical properties of the NCM-LLZAO
composite cathode material owing to its electrical conductivity.

The morphology and homogeneous distribution of the
NCMS811 and NCM-LLZAO composite materials (LLZAO-0.2,
LLZAO-0.5, and LLZAO-1.0) were investigated using FE-SEM
(Fig. 3(a) and (b)); Fig. 3(a) shows the precursor sample
synthesized via co-precipitation. All cathode material precursor
produced via co-precipitation reaction form spherical
secondary particles of approximately 5 pm size. Needle-shaped
primary particles of 2-300 nm aggregate to form spherical
secondary particles. The shape of the primary particles of the
composite cathode material precursor obtained through
simultaneous co-precipitation with the NCM811 precursor did
not change significantly. The particle shape of the cathode
material after calcination at 850 °C is shown in Fig. 3(b). After
the calcination process, the shape of the primary particle grows
while the spherical shape of the secondary particle is main-
tained. In addition, as a result of EDX mapping analysis, Ni and
Co elements from the cathode material and La and Al elements
from the ion conductive material were mixed in the composite
cathode material obtained through simultaneous
precipitation.

To further analyze the crystallographic characteristic of
NCM811 and NCM-LLZAO composite cathode materials, FE-
TEM images under low and high magnification were obtained
as shown in Fig. 4. Primary particles of 100-200 nm were
aggregated in the NCMS811 and NCM-LLZAO composite
cathode materials. Fig. 4 shows the characteristic crystal plane

CO-

Fig. 3 SEM images under low and high magnification of (a) NCM811 and NCM-LLZAO precursor samples, and (b) NCM811 and NCM-LLZAO
composite cathode materials calcined at 850 °C, showing EDS mapping of Ni, Co, La, and Al elements.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM images under low and high magnification of NCM811 and NCM—-LLZAO composite cathode material calcined at 850 °C, showing

dark field images of NCM811 and NCM—-LLZAO composite cathode.

of the Li(NiygCop,1Mn, )0, (NCMS811) layered structure; the
calculated planes were similar to those of the XRD patterns. An
interplanar distance of 0.23 nm, calculated from the highly
magnified images, corresponds to the (012) plane. This
demonstrates that the NCM811 material was synthesized well
using the co-precipitation method. TEM images of the NCM-
LLZAO composite cathode material samples indicated an
interplanar distance of 0.47 nm, which corresponds to the (003)
plane. The TEM images at high magnification showed a differ-
ence in the surface area between NCM811 and NCM-LLZAO
composite cathode materials. As the LLZAO content in the
NCM-LLZAO composite cathode material increases, the thick-
ness of amorphous coating layer on surface tends to gradually
grow. Moreover, when the content of LLZAO is more than
0.5 wt% in the composite cathode material, small spherical
nanoparticles with a size of 1-2 mm and an amorphous layer on
the composite cathode material surface were observed. The
interplanar distance of the nanoparticles was calculated to be
0.283 nm, which corresponds to the (103) plane of the La,(-
Ni, 5Lig 5)O, material. The cathode materials synthesized via the

14214 | RSC Adv, 2022, 12, 14209-14222

simultaneous co-precipitation were investigated using dark
field images and EDS mapping to obtain the distribution of
component chemical element. The signal of Ni and Co
appeared in the NCM811 cathode material, while the signal of
La and Zr, which are components of LLZAO material, were
additionally displayed in the composite cathode materials. This
result indicates that the LLZAO material coating was present
uniformly. LLZAO peak was not found in the XRD pattern of the
composite cathode material. However, through FE-TEM and
EDX mapping, the LLZAO material was directly confirmed
through the uniform presence of La and Zr elements on the
surface. This result confirms the presence of an amorphous
coating layer on the surface of the LLZAO material and the
composite cathode material with an ionic conductive material
was synthesized satisfactorily.

The XPS analysis of the NCM811 and NCM-LLZAO
composite cathode material was performed to investigate the
chemical effect of the K,NiF,-type La,(Niy 5Lio5)O4 on NCM811
cathode material, as shown in Fig. 5. Fig. 5 shows the XPS peaks
for Ni (2p) and La (3d) of NCM811 and NCM-LLZAO composite

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectra for Ni 2p and La 3d of NCM811 and NCM-LLZAO composite cathode materials. The black line represents the experimental
data while the other lines represent the fitting result.

cathode material. Ni 2p 3/, peaks show the chemical states for

binding energy of the Ni** (853.6 eV) and Ni** (855.7 €V) ions,
respectively. The XPS result shows that the ratio of Ni** : Ni*" in

© 2022 The Author(s). Published by the Royal Society of Chemistry

Ni 2p*? gradually increases as the LLZAO content in the
composite cathode material increases when compared with that
of the NCM811 material. Because of the La,(NigsLip5)O,4
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Fig. 6 Electrochemical performance of NCM811 and NCM—-LLZAO composite cathode material assembled 2032 coin-cells with the ratio of
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a voltage range of 2.5-4.0 V at 0.1C at 70 °C. (b) Cycle performance measured over 50 cycles in a voltage range of 2.5-4.0 Vat 0.2C at 70 °C. (c)

Rate capability determined for various current densities of 0.1-0.5C.

material, Ni ion forms +3 valence on the NCMS811 cathode
material by combining with the La ion from the LLZAO. Further,
Ni arises from NCM811 during the high temperature calcina-
tion process. This enlarged Ni** ion contributes in reducing the
proportion of Ni**/Li* cation mixing during the synthesis
process, which is similar to the Rietveld refinement shown in
Table 1. The XPS signal of La 3d shows that NCM811 does not
show binding energy signal for La 3 d. However, the peak of the
La 3 d binding energy gradually appears as the content of the
LLZAO in cathode material increases. La 3 d represents the
binding energy of La,Os; it is represented by the bonding
between La-O present in the La,(Niy sLio5)O, material on the
composite cathode material surface.

Electrochemical properties were evaluated by assembling
2032 coin cell with the positive electrode that is composed of
NCMS811 and NCM-LLZAO composite electrode vs. Li%/Li". To
exclude the unfavorable influence of the PEO binder in the
positive electrode, Li* ion had to be extracted from the NCM811
and NCM-LLZAO composite electrodes at less than 4.0 V vs. Li°/
Li" owing to the restricted stability of the PEO binder in ASSBs,
which cannot exceed 4.0 V vs. Li°/Li*.?* Considering the LiB
system that contains liquid electrolyte, lithium ions move freely
throughout the positive electrode owing to the fluid properties
of liquid electrolyte. However, in ASSBs system that does not use
a liquid electrolyte, a solid electrolyte is added to increase the

14216 | RSC Adv,, 2022, 12, 14209-14222

lithium ion mobility into the positive electrode because lithium
ions move in the lattice. Fig. 6 demonstrates the electro-
chemical performance of positive electrode synthesized by
combining NCM811 and NCM-LLZAO composite active mate-
rial, conductive material, LLZAO solid electrolyte, and PEO
binder at a ratio of 70 : 5 : 5 : 20. Fig. 6(a) shows initial charge/
discharge curves of all positive electrodes measured at 0.1C (1C
=170 mA h g ") and indicates their initial discharge capacities
of 138.17,145.34, 143.51, and 134.78 mA h g ', respectively. The
initial discharge capacity of composite cathode material is
higher than that of NCM811. Fig. 6(b) shows the cyclability of
NCMS811 and composite cathode material at a current density at
0.2C. After 50 cycles, all cathode materials show a high
discharge capacity retention over 70%. Among them, LLZAO-0.5
showed a capacity retention rate of 83.78%, which is much
higher than that of NCM811 (77.45%). The rate capability of all
positive electrodes were measured at various current density at
0.1-0.5C and presented in Fig. 6(c). This result indicates that
the discharge capacity of all cathode materials is gradually
decreasing. As the current density increases, the composite
cathode material exhibits higher discharge capacity than that of
the NCM811 material. Particularly, the LLZAO-0.5 material
demonstrates improved electrochemical performance when
compared to the NCM811 sample under various current
densities. As the current density increases at 0.5C, the capacity

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Detailed numerical values for electrochemical performance
(1st capacity, capacity retention after 50cycle, rate capability) of
NCM811 and NCM-LLZAO composite cathode material (LLZAO-0.2,
LLZAO-0.5 and LLZAO-1.0). The positive electrode composition were
active material: solid electrolyte: conductive material: binder =
70:5:5:20

Capacity retention

(%)
1st capacity ~ Capacity retention
Sample (mAhg™) (%) 0.1C 0.2C  0.5C
NCM 811 138.17 77.45 100 90.67 51.05
LLZAO-0.2  145.34 75.84 100 97.32 50.17
LLZAO-0.5 143.51 83.78 100 91.92  63.12
LLZAO-1.0 134.78 73.99 100 79.72  37.22

retention ratio of the two electrodes shows a large difference. In
the NCM811 sample, the discharge capacity retention is shown
to be approximately 50%. However, in the LLZAO-0.5 sample,
the discharge capacity retention was 63%, which indicates
better discharge capacity retention; all values are listed in
Table 3. Because an LLZAO with high ionic conductivity is
present on the NCM811 surface and contributes to improving
the lithium ion diffusion from the active material to CSE in the
positive electrode.?®*® In addition, La,(NigsLip5)O4 nano-
particles present on the cathode material surface exhibit elec-
trical conductivity, which seems to contribute to the increase in
the initial discharge capacity of the NCM-LLZAO composite
cathode material.*

To further understand the effect of the La,(NigsLig5)O,4
nanoparticles and LLZAO coating layer on the cathode surface
during the cycling in an assembled coin cell, the following
analysis has been conducted. Fig. 7 shows the EIS spectra of the
assembled coin cell (AI/NCM811 or NCM-LLZAO composite
material//PEO-LLZO-LiClO,//Li-metal) recorded in the 100
MHz-1 MHz range, for the 15 and 50" cycles. The Nyquist plots
show conventional semicircles at high and medium frequencies
and an inclined line in the low-frequency region that corre-
sponds to the interfacial resistance associated with the lithium-
ion diffusion in the bulk material. Ry, Rs, and R, represent the
bulk resistance of the cell (electrolyte and electrode), interfacial
resistance, and charge transfer resistance, respectively. The
lithium-ion diffusion through the interface between the
cathode and SE (Ry) is reflected in the first semicircle. The
second semicircle is associated with charge-transfer resistance
(Ret)- The measured impedance spectra were quantitatively
analyzed using the equivalent circuit in Fig. 7. In the equivalent
circuit, R, represents the contact resistance, R, and CPE,
represent the resistance and constant phase element for surface
films, respectively, R; and CPE; represent the charge-transfer
resistance and constant phase element for double-layer
charging/discharging, respectively, and Zg represents the
diffusion impedance.** Fig. 7 demonstrates that the interfacial
resistance of composite cathode material is gradually lowered
in both initial cycle and after 50 cycles as the content of LLZAO
material increases when compared to that of NCM811 cathode
material. This impedance result reveals that electrochemical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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properties of ASSBs are significantly related to the cathode
material; this was observed in terms of the significant reduction
in impedance of the cell with LLZAO-0.5 cathode material. This
result shows that the interfacial resistance between the active
material and solid electrolyte is reduced because of the pres-
ence of the La,(NijysLig5)Os nanoparticles with electrical
conductivity and LLZAO coating layer with high ionic conduc-
tivity on the composite cathode material surface.

To further analyze the difference in the electrochemical
performance of LLZAO-0.5 and NCM811, which have excellent
electrochemical properties among composite cathode mate-
rials, GITT analysis was performed at the rate of 10 mA g~ ' in
the specified working voltage region (OCV = 4.0 V) for the first
cycle (Fig. 8(a)), with an equal interval of pulses (10 min); the
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Fig. 7 EIS spectra of assembled coin cells (AUNCM811 and NCM—
LLZAO composite material/PEO-LIClO,4/Li metal) recorded over the
100 MHz-1 MHz range for (a) 1st cycle and (b) over 50" cycle. (c)
Equivalent circuit used for fitting the measured impedance data. R,
CPE, and Z4 represent the resistance, constant phase element, and
diffusion impedance, respectively.
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Fig. 8 (a) Voltage profile during GITT at a current density of
10 mA h g~ for NCM811 and NCM—-LLZAO composite cathode. Inset
figure shows the expansion of single titration curve during charging
process. (b) Lithium ion chemical diffusion coefficient calculated from
GITT curves from charging process during the electrochemical reac-
tion of NCM811 and NCM—-LLZAO composite cathode.

rest time was fixed as 10 min to reach a quasi-electrochemical
equilibrium voltage measured at SP-240 equipment. The result
of single titration output during the cycling process for the
NCMS811 and LLZAO-0.5 cathodes are illustrated in the inset of
Fig. 8. The transient potential response demonstrated in the
GITT results can be used to calculate the lithium ion diffusion
coefficient according to Fick's second law:

D*1; = 4l x 1)((my x Vi)/(My x S)XAEJAE (1)
where D*;; (cm” s~ ') indicates the diffusion coefficient, m;, (g) is
the total mass loading of the active material, V;,, (cm® mol™") is
the molar volume, M;, (g mol ") is the molecular weight, S (cm?)
is the sum of the surface area of the cathode, and r (s) is the
current pulse time. AE; and AE; are the variations in the steady-
state voltage and total variation in the cell voltage taking place
during the constant pulse of a single-stage GITT analysis.**?*®
The chemical diffusivity plots for NCM811 and LLZAO-0.5
cathode are provided in Fig. 8(b), respectively. The GITT
results clearly demonstrate improved Li-ion diffusion in the
LLZAO-0.5 sample than that in the NCM811 sample. The
calculated diffusion coefficient value for the LLZAO-0.5 sample
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Fig. 9 Raman spectra of NCM811, LLZAO-0.5, and cubic-LLZAO
manufactured by TOSIMA.

(2.02 x 107° to 5.44 x 10~ % ecm® s7') is higher than that of
NCM811 (1.55 x 1072 to 3.02 x 10~% em?® s7') for the Li* de-
insertion process, respectively, thereby depicting the superior
mobility of lithium ions in the LLZAO-0.5 sample. This result
elucidates that LLZAO coating layer significantly encourages the
mobility of Li* ions due to their high ionic conductivity. Thus,
the LLZAO-0.5 sample exhibits outstanding rate capability when
compared to the NCM811 because of the superior Li" diffusion
properties.

To analyze the LLZAO layer present on the composite
cathode material surface, Raman spectroscopy was conducted
to confirm the crystalline structure of the NCM811 and LLZAO-
0.5 cathode material as shown in Fig. 9. To gain specific infor-
mation regarding the NCM811, LLZAO-0.5, and LLZAO, the
cubic-LLZAO material (manufactured by TOSIMA) were inves-
tigated. Considering the LLZAO-0.5 sample, the corresponding
peaks of NCM811 and cubic-LLZAO signal were mixed. First,
a Raman shift at 550 cm ™" assigned to NCM811 appeared in the
LLZAO-0.5 sample.*” Then, the intensity associated with the La
cation vibration was observed at 100-150 cm ™' Raman shift; the
signal corresponding to the stretching of the Zr-O bond
occurred at approximately 640 cm ™~ ".*** Although, the intensity
is low in the LLZAO-0.5 sample, the signal for cubic-LLZAO can
be observed. Raman spectroscopy results indicate that LLZAO
and NCM811 were mixed and the layer present on the LLZAO-
0.5 surface is an amorphous LLZAO layer.

The presence of an SE in the positive electrode is related to
the electrochemical performance in an ASSBs system. The SE
within the positive electrode plays an important role for lithium
ions to efficiently migrate from the positive electrode to the
negative electrode similar to a liquid electrolyte in LiBs system.
To confirm the improvement of electrochemical performance
due to the effect of increasing ionic conductivity on the LLZAO
coating layer present on the cathode material surface; with the
absence of the solid electrolyte in the positive electrode, the
ratio of active material, solid electrolyte, conductive material

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Electrochemical performance of NCM811 and NCM-LLZAO composite cathode material assembled 2032 coin-cells with the ratio of
active material: solid electrolyte: conductive material: binder = 75: 0 : 5: 20. (a) Initial charge—discharge curves for all cathode materials in
a voltage range of 2.5-4.0 V at 0.1C at 70 °C. (b) Cycle performance measured over 50 cycles in a voltage range of 2.5-4.0 Vat 0.2C at 70 °C. (c)

Rate capability determined for various current densities of 0.1-0.5C.

and binder was designed to 75 : 0:5 : 20, as shown in Fig. 10.
Fig. 10(a) shows the initial charge/discharge curves of NCM811
and composite cathode material samples measured at 0.1C (1C
=170 mA h g ") and indicates their initial discharge capacities
of 137.04, 135.16, 151.50, and 139.85 mA h g™, respectively. The
initial discharge capacity of composite cathode material is
higher than that of the NCM811. Fig. 10(b) shows the cyclability
of the NCM811 and composite cathode material at a current
density at 0.2C. After 50 cycles, all cathode materials showed
a high discharge capacity retention of more than 80%. Among
them, the LLZAO-0.5 showed a capacity retention rate of
87.98%, which was much higher than that of the NCM811
(82.06%). The rate capability of all positive electrodes were
measured at various current densities of 0.1-0.5C and are pre-
sented in Fig. 10(c). This result indicated that the discharge
capacity of all cathode materials is gradually decreasing. As the
current density increases, the composite cathode material
exhibits higher discharge capacity than that of the NCM811
material even though solid electrolyte was absent in the elec-
trode. Particularly, the LLZAO-0.5 material showed improved
electrochemical performance when compared to the NCM811
sample under various current densities. As the current density
increases at 0.5C, the capacity retention ratio of the two elec-
trodes shows a large difference. In the NCM811 sample, the
discharge capacity retention is shown to be approximately less
than 50%. However, in the LLZAO-0.5, the discharge capacity

© 2022 The Author(s). Published by the Royal Society of Chemistry

retention was 73%, which indicates better discharge capacity
retention; all values are listed in Table 4. Because of the pres-
ence of LLZAO with high ionic conductivity on the NCM811
surface, there is an improved lithium ion diffusion from the
active material to CSE in the positive electrode. Moreover,
La,(Ni, 5Liy 5)O4 nanoparticles present on the cathode material
surface exhibit electrical conductivity, which seems to
contribute to the improvement of rate capability of NCM-
LLZAO composite cathode material, particularly the LLZAO-0.5
sample without an SE in the positive electrode.*

Table 4 Detailed numerical values for electrochemical performance
(Ist capacity, capacity retention after 50cycle, rate capability) of
NCM811 and NCM-LLZAO composite cathode material (LLZAO-0.2,
LLZAO-0.5 and LLZAO-1.0). The positive electrode composition were
active material: solid electrolyte: conductive material: binder =
75:0:5:20

Capacity retention

(%)
1st capacity  Capacity retention
Sample (mAh g™") (%) 0.1C 0.2C  0.5C
NCM 811 137.04 82.06 100 92.35 46.35
LLZAO-0.2 135.16 86.68 100 95.85 75.29
LLZAO-0.5 151.50 87.98 100 97.87 73.70
LLZAO-1.0 139.85 88.17 100 85.37 68.75
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Fig. 11 Electrochemical performance of NCM811 and LLZAO-0.5 cathode assembled 2032 coin-cells with the ratio of active material: solid
electrolyte: conductive material: binder = 75 : 0 : 5 : 20 according to loading weight (5, 8, and 12 mg cm™2). (a) Initial charge—discharge curves
for all cathode materials in a voltage range of 2.5-4.0 V at 0.1C at 70 °C. (b) Cycle performance measured over 50 cycles in a voltage range of
2.5-4.0 V at 0.2C at 70 °C. (c) Rate capability determined for various current densities of 0.1-0.5C.

ASSBs with high energy density must satisfy various proportion of an active material in the positive electrode, etc.
requirements, such as high capacity cathode materials, positive The electrochemical properties of the cathode material
electrode manufactured with high loading weight, and high improved even when the ratio of the SE in the positive electrode
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was zero. To realize the high energy density characteristic of
ASSBs, the loading weight of NCM811 and LLZAO-0.5 electrodes
were designed as 5, 8, and 12 mg cm ™. The active material ratio
in positive electrode was prepared at 75 wt% (75:0: 5 : 20) to
evaluate the electrochemical properties and shown in Fig. 11.
Fig. 11(a) shows the initial charge/discharge curves for the
NCMS811 and LLZAO-0.5 samples as the loading weight
increased. In ASSBs, as the loading weight increases, the
thickness of positive electrode increases; hence, the initial
discharge capacity gradually decreases. In addition, LLZAO-0.5
sample exhibited a higher initial discharge capacity when
compared to the NCM811 sample for all loading weights. This
result shows that the initial discharge capacity has increased
owing to the improved lithium ion diffusion with LLZAO
material present on the cathode material surface even when the
loading weight was increased. Fig. 11(b) shows the result of
comparing the cyclability of the NCMS811 and LLZAO-0.5
samples with a current density of 0.2C during 50 cycles. The
figure demonstrates that the discharge capacity gradually
decreases as the loading weight increases. Consider the loading
weight of 5 mg cm ™2, the discharge capacity of NCM811 and
LLZAO-0.5 were found to be 117.95 mA h g ' and
143.18 mA h g ', respectively, and discharge capacity retention
were maintained at 82.06% and 87.98% after 50 cycles,
respectively. However, in the increased load weight of 8 mg
cm?, initial discharge capacity of NCM811 and LLZAO-0.5
decreased to 81.62 mA h g~' and 111.81 mA h g, respec-
tively. At the higher loading weight of 12 mg cm ™2 for NCM811
and LLZAO-0.5, the initial discharge capacity for the measured
current density of 0.1C showed discharge capacities of 107.19
and 121.65 mA h g~ (Fig. 11(a)), respectively; however, both
samples showed significant capacity loss of approximately 32.25
and 22.73 mA h g ', respectively. As the loading weight of
positive electrode increases, the concentration gradient of
lithium ions becomes larger as it moves away from the surface
of positive electrode. From this phenomenon, a lithium ion
deficiency occurs and resistance increases rapidly; a dead zone
is formed in the positive electrode where the lithium ion are
present but cannot participate in the charge/discharge process.
This causes deterioration due to internal resistance, resulting in
a decrease in the discharge capacity. The rate capability of
NCMS811 and LLZAO-0.5 for various current densities at 0.1-
0.5C are shown in Fig. 11(c). In 5 mg cm 2, the difference in the
discharge capacity does not appear significantly at low current
densities of 0.1-0.2C. However, discharge capacity of NCM811 is
significantly reduced when compared to LLZAO-0.5. At the
increased loading weight of 8 mg cm™?, discharge capacity of
NCM811 and LLZAO-0.5 indicate a large difference at a low
current density of 0.2C unlike in the case where the loading
weight is 5 mg cm 2. At a current density of 0.5C, both samples
show a low capacity of approximately 22.06 and 29.61 mAh g™,
respectively. For the loading weight of 12 mg em™?, the differ-
ence in capacity between the NCM811 and LLZAO-0.5 was large
at a discharge capacity of 0.1C, and both samples deteriorated
at the current density of more than 0.2C. This phenomenon
shows that an inactive zone was formed inside the positive
electrode, and the effect of internal resistance increases with an
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increase in the loading weight. However, LLZAO coating layer
and La,(Ni, 5Li, 5)O4 nanoparticles present on the surface of the
composite anode material exhibiting ionic and electrical
conductivity show an improvement in the mobility of lithium
ions for LLZAO-0.5 sample. The electrochemical properties
improved even if there was no SE in the electrode with an
increase in the loading weight owing to the high lithium ion
mobility. The NCM-LLZAO composite cathode material
synthesized using co-precipitation is expected to be a starting
point for improving the energy density characteristics of ASSBs.

Conclusions

In summary, we investigated a NCM811 and NCM-LLZAO
composite cathode material to be assembled in ASSBs with an
oxide-based solid electrolyte. The XRD patterns of the NCM811
and NCM-LLZAO composite samples were indexed to a hexag-
onal structure each. However, in the 20°-35° region, the K,NiF,-
type structure of the La,(Niy sLiy 5)O, material was observed in
NCM-LLZAO composite cathode material synthesized using
simultaneous co-precipitation. Further, the potentiometric
titration result shows that the ratio of residual lithium on the
cathode material surface of the NCM-LLZAO composite
cathode material decreases when compared with that of the
NCMS811. During calcination at a high temperature, the Ni ion
present on the surface of NCM811 and the La ion from the
LZAOH precursor combined with the residual lithium materials
forming the La,(NiysLig5)0, material. In addition, a LLZAO
coating layer exhibiting ion conductivity was present on the
surface of composite cathode material; TEM images confirmed
that the coating layer thickness increased as the LLZAO content
in the composite cathode material increased. In the NCM-
LLZAO composite cathode material, the electrochemical
performance improved when compared with that of the
NCMS811 sample because L,(NiysLips5)O4, which exists as
a spherical nanoparticles on the surface of the composite
cathode material, facilitates the movement of lithium ions at
the interface between the solid electrolyte and cathode material
within the positive electrode due to its high electrical conduc-
tivity. In particular, NCM-LLZAO composite cathode material
demonstrated improved electrochemical properties when
compared to that of the NCM811 even in the composition
without a solid electrolyte in the electrode (75:0:5 :20).
Among them, LLZAO-0.5 showed significantly enhanced elec-
trochemical performance owing to high lithium ion diffusion
coefficient. The electrochemical properties improved, even in
the absence of solid electrolyte in the electrode, with an increase
in the loading weight owing to the high lithium ion mobility.
The NCM-LLZAO composite cathode material synthesized
using co-precipitation is expected to be a starting point for
improving the energy density characteristics of ASSBs. For
ASSBs with high energy density, electrochemical characteristics
are required even under high loading weight of positive elec-
trode conditions. It has been confirmed that the composite
cathode material contributes to the improvement of the char-
acteristics of the ASSBs even if the amount of solid electrolyte is
reduced in the electrode composition, which is a great

RSC Adv, 2022, 12, 14209-14222 | 14221


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01430k

Open Access Article. Published on 11 May 2022. Downloaded on 12/4/2025 11:28:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

advantage in realizing high energy density. However, at present,
there is a limit to cell driving at electrode loading weight of
10 mg cm > For the high energy density of all-solid-state
batteries, we believe that future research on high energy
density of ASSBs is necessary by designing a cell composition

that can be driven at over the loading weight of 10 mg cm 2.
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